I. INTRODUCTION
A TMOSPHERIC ducts are the layer in which propagating rays are trapped between surface and ducting layer due to the refractive effects of the lower troposphere [1] - [3] . As reviewed in [1] , ducting channel can provide high data rate b-LoS communications especially in naval and maritime environments because duct formation is highly probable in the environments with high humidity.
In ducting communications, both of the antennas should be in the duct layer in order to utilize the trapping effect. In this way, the trapped signals can propagate through b-LoS ranges because ducting layer avoids the spreading of signal energy to the atmosphere. Instead, signal energy is concentrated between surface and duct layer. Ducting channel communication can be utilized as a communication medium up to 400 km [1] , [4] . Trapping effect of atmospheric ducts are effective between 5-10.5 GHz depending on duct properties. Since atmospheric ducts utilize such high frequency range and signal rays follow high distances close to the surface level, ducting channel may be exposed to rain attenuation. However, there is no study which considers rain attenuation in b-LoS ducting links.
There are plenty of rain attenuation models in the literature [5] - [7] . Most of the available studies consider the slant-path rain attenuation models for satellite communications (SATCOM) [6] , [7] . The closest work for this letter is [8] in which a slant-path rain attenuation model is proposed for troposcatter considering nonuniform rainfall distribution. We utilize similar rain data generation as in [8] , but the path characteristics are completely different in ducting channels. Thus, the model in [8] is not applicable to ducting channels and there is no study which considers rain attenuation in ducting links.
The main contributions of this letter are two-fold. Firstly, coherence bandwidth and time of ducting channels are analyzed. In [4] , the authors analyze delay spread of the channel with frequency independent ray-optics methods. In this letter, coherence bandwidth is determined via frequency dependent frequency correlation results. In addition, coherence time of the channel is estimated by utilizing angle constrains developed in [4] . Coherence bandwidth and time analysis can be utilized to determine the bandwidth and mobility levels in which the b-LoS channel has flat and slow fading. Secondly, a slant-path rain attenuation model for ducting channel is developed based on the ray analysis in [4] and synthetic rain distribution model in [9] , [10] . Simulation results are presented for the rain loss and spectral efficiency of the system under rain. These results can guide the b-LoS system designer to determine the carrier frequency which provides better spectral efficiencies with or without rain to design more reliable links.
II. ATMOSPHERIC DUCTS
Atmospheric duct is the layer in which modified refractivity gradient is turned negative to positive (0 ≥ ∂M/∂z) as in Fig. 1(a) . This layer traps the propagating rays with low grazing angles, and the trapped signal energy is concentrated between the surface and duct layer. In this way, propagating signals can reach b-LoS distances [1] , [3] . Since duct formation is more probable in humid areas, ducting channel is a promising b-LoS communication medium especially in naval communication applications [1] . In maritime and coastal areas, the occurrence probability of atmospheric ducts varies between 60-80% according to the season [11] .
Atmospheric ducts can be divided into four categories according to their formation process: evaporation ducts, surfacebased ducts, elevated ducts, and surface ducts. In [1] , the authors analyze path-loss of a 13 m evaporation duct and show that 10.5 GHz frequency has the lowest path-loss. In [4] , the authors develop a large-scale path-loss model for a 40 m surface duct. According to their results, lower frequency ranges (3-5 GHz) has better trapping effects. The difference between frequency range is caused by duct height difference. As experimentally presented in [12] , evaporation ducts with high duct heights also perform better around 3 GHz. Since modified refractivity profiles of evaporation duct and surface duct are similar as shown in Fig. 1(a) , we can approximate evaporation ducts with a surface duct with the same duct height and duct strength. Duct strength is the change in modified refractivity from surface to trapping layer. For this reason, the analysis presented within this letter is also valid for the evaporation duct with the same duct parameters.
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In this section, the analysis for coherence bandwidth and coherence time of ducting links are presented.
A. Coherence Bandwidth
In [4] , maximum delay spread of the channel is estimated via ray-optics methods which are independent of frequency. To this end, the coherence bandwidth of the ducting channel is analyzed with parabolic equation (PE) methods to observe the effects of frequency. For this purpose, we use PETOOL [13] which is a split-step-Fourier based PE wave propagation tool to estimate the path-loss in ducting links. PETOOL is calibrated with experimentally validated tools [13] .
PETOOL results are utilized to estimate the coherence bandwidth in ducting channels. To this end, we generate two pathloss profiles that have some frequency separation and calculate the correlation between vertical cuts at the desired range to find the frequency correlation. Fig. 1(b) shows the correlation vs. frequency separation for the surface duct with the following simulation parameters: 150 km range, 20 m transmitter and receiver height, duct height 40 m, duct strength 10 M-units and horizontal polarization. The channel can be assumed as flat when the frequency correlation is lower than 0.5. As in Fig. 1(b) , the ducting channel can be assumed as a flat-fading channel if the channel bandwidth is lower than 205 MHz for 7 GHz, 180 MHz for 10.5 GHz and 252 MHz for 15 GHz. According to the ray optics analysis presented in [4] , ducting channels have coherence bandwidth levels more than 200 MHz. Therefore, our results are consistent with [4] . In addition, the frequency correlation do not show a notable pattern with the frequency because trapping effect also do not show direct relationship with frequency as in [1] .
B. Coherence Time
For coherence time estimation, a simple Doppler spread approach is used based on the limited angle-of-arrival (AoA) range. Since ducting channel traps the signal at the ducting layer, only the rays that have particular angle range can be received at the receiver. In [4] , an analytical formula for the trapping angle range is derived. Upper and lower bound for the trapping angle in the elevation cut can be estimated with
where dn/dz is the refractive index derivative with respect to height, h t is the transmitter height, δ is the ducts height, R 0 is the earth radius (≈6370 km) and n(0) is the index of refraction at surface (≈1.00035) [1] . Atmospheric ducts are generally denoted with duct strength ( M) which is the change in the modified refractivity from bottom to top of the duct (dn/dz = −10 −6 ( M/δ − 0.157)) [1] . Fig. 1(c) shows the trapping beam-width values (θ max ) for 5 m transmitter height. Based on experimental observations [11] , [14] , duct heights and strengths mostly vary between 10-40 m and 4-10 M-units, respectively. As in Fig. 1(c) , these duct height and strength ranges are associated with 0.2 • -0.3 • beamwidth in the elevation cut. Thus, ducting channel has very limited receive angle span.
In ducting channel, the elevation cut has very narrow beamwidths (0.2 • -0.3 • ). Therefore, Doppler spread due to mobility is very limited in ducting channels and it is given as
where v is the speed, λ is the wavelength and θ is the angle between the received ray and horizon. We assume that the receiver is moving away from the transmitter on the same line. Since the speed of naval vehicles will be not so high, coherence time of ducting links will be in the order of milliseconds. Thus, ducting channel will experience slow fading for MHz level bandwidths.
IV. RAIN ATTENUATION MODEL
Ducting links will utilize high frequency ranges as analyzed in [1] . Thus, b-LoS paths may experience strong rain attenuation. Path-loss and rain loss in the ducting links are mutually exclusive as outlined in [15] . Therefore, the total transmission loss can be determined by calculating path-loss and rain loss separately. To this end, a rain attenuation model for ducting links is developed in this section.
A. Rain Model
A synthetic rain model is utilize to generate rain cell spatial distribution as in [8] . To this end, HYCELL model [9] , [10] is adapted with a slight modification. In the HYCELL model, rain distribution in a single rain cell is modeled with both Gaussian and exponential functions. Since the exponential function models only tail of the rain cell, rainfall rates associated with exponential function is very low. Thus, only Gaussian function is utilized to model the rain cells in this letter, and rainfall distribution of a single cell is given as
where R G is the peak rainfall rate, a G and b G are the distance where the rainfall rate decreases by a factor of 1/e in x and y axis. Rain cells are assumed as symmetrical, such that a G = b G . The minimum rain rate (R 1 ) is utilized as 1 mm/hr [9] . HYCELL model [9] , [10] estimates spatial rain distribution based on local spatial rain probabilities which are provided by ITU-R P. 837-6 [16] . By utilizing the modified HYCELL model and local rain probabilities for Istanbul, Turkey [16] , the spatial rain distribution is estimated as in Fig. 2(a) .
B. Slant-Path Model
In this subsection, a slant-path rain attenuation model is developed for ducting channels by utilizing the rain model discussed in the previous part. In the slant-path model, ITU-R P.838 [17] rain specific attenuation is utilized and it represents the amount of path-loss in dB/km due to rain as
where k and γ are empirical coefficients and their values are utilized as provided in [17] . Fig. 2 (b) presents rain specific attenuation values for different frequencies. In the slant-path model, total rain attenuation is calculated by multiplying the rain specific attenuation with the rain path length. Thus, rain path length in ducting links is required to find the rain loss. For rain path lengths, the ray trajectory analysis are utilized as introduced in [4] . Fig. 2(c) shows the ray trajectories for the ducting channel with 20 m transmitter height, 40 m duct height and 10 M-units duct strength. The trapped rays follow longer paths compared to the range which is assumed as the horizontal distance between transmitter and receiver. However, the difference between ray path lengths and range is very low as presented in Fig. 2(c) . In the simulations, the average ratio of ray path length to the range is = 1.00000635548381. Thus, the parabolic shape of the rays can be neglected and the rain attenuation calculations may utilize direct rays between transmitter and receiver. To this end, we multiply the calculated path lengths with .
In the proposed rain attenuation model, the rain attenuation for ith rain cell can be calculated as
where d s is the staring point of the rain cell, d e is the end point of the rain cell and
is the middle of the rain cell. By considering all of the rain cells in the communication path, the total amount of rain attenuation can be found as
where N R is the number of rain cells on the path.
V. SPECTRAL EFFICIENCY
The spectral efficiency results are also provided for ducting links in the presence of rain in Section VI. To this end, this section includes the spectral efficiency calculations by utilizing the path-loss model developed in [4] . In single-input singleoutput links, the spectral efficiency can be found as
where P t is the transmit power, ρ is the path-loss which is calculated with the path-loss model in [4] and rain attenuation is also added to this term. N is the noise power which is modeled as thermal noise N = kBT where T is the temperature in K, B is the bandwidth and k is the Boltzmann constant.
VI. SIMULATION RESULTS
Rain attenuation for each ray is calculated with the slant-path model for the rainfall distribution in Fig. 2(a) . The rain loss is calculated for each 500 m cut in y-axis of the synthetic rainfall Fig. 2(a) . In this way, cumulative distribution function (CDF) of rain loss is calculated with the following link parameters: 40 m duct height, 10 M-units duct height, 150 km range, 20 m antenna heights, 1.2 m antenna diameter (D ant ) and 0.65 antenna efficiency (η ant ). Fig. 3(a) shows the distribution of rain loss in a 150 km ducting link by utilizing the proposed slant-path rain model. As noticed, ducting channel can experience very high rain attenuations especially for frequencies higher than 10 GHz. By considering the high path-loss enhancements near 10.5 GHz [1] , ducting channel links is prone to rain loss.
In addition, we present the spectral efficiency distributions for two scenarios in Fig. 3(b) and (c). In the first scenario, the same channel parameters is utilized for each frequency as in Table I with 40 dB antenna gains. As noticed in Fig. 3(b) , rain attenuation may cause significant reduction in the spectral efficiency in high frequencies. In the second scenario, channel parameters are also changed in accordance with the carrier frequency as in Table I . In addition, the antenna gains are calculated with the generic equation for the parabolic reflector antennas G = 10 log[η ant (πD ant λ 2 )]. Since higher antenna gains can be provided with higher carrier frequencies, the spectral efficiency performance of 10.5 GHz and 15 GHz becomes better without rain as presented in Fig. 3(c) . By considering the significant spectral efficiency loss in 15 GHz due to rain, 10.5 GHz is expected to provide higher data rates.
VII. CONCLUSION
In this letter, the coherence bandwidth and time of the ducting links are analyzed. Our analyses show that ducting channel is expected to experience slow and narrow-band fading up to a few hundreds of MHz bandwidths. In addition, a slantpath rain attenuation model is proposed and, the amount of rain loss in the ducting links is presented. According to our results, 10.5 GHz is more promising to provide higher data rates.
